Summary. There are three basic equations in mechanics for treating collisions: the law of impact, kinematic compatibility, and energetic consistency. In this paper, the conditions are examined under which a natural extension of the dynamics at an impact is possible without taking additional impact laws, and which additional assumptions have to be made to solve the impact for different classes of systems. It will be shown that Newton's law of impact for two colliding point masses can be derived from the concept of energy conservation and the principle of maximum dissipation, and has therefore not to be regarded as an independent equation. Moreover, it can be assigned to single-contact impacts in multibody systems as soon as the classical definition of perfect constraints is being extended to impulsive dynamics and unilateral contacts. It will further be shown that the principle of maximum dissipation leads to a unique postimpact velocity in the case of multi-contact collisions. In all other cases, however, the velocities remain undetermined, and laws of impact have to be postulated as additional and independent equations, whereas the classic definition of the restitution coefficient as a dissipation parameter can still be kept.
Introduction
It has been known since Galileo Galilei (Discorsi, The Sixth Day) [1] that impact forces can become unlimited. Huygens had been examining completely elastic collisions between two point masses since 1656. He recognized the fact, that besides conservation of momentum and kinetic energy the relative motion of two bodies has to be taken into account in order to be able to formulate a universally valid law of impact. His law v À V ¼ C À c, describing the relative velocities inversion during the elastic impact, is extended by Newton in 1687 by the restitution coefficient e in order to accommodate possible losses of energy during the collision. The form eðv À VÞ ¼ ðC À cÞ serves Newton as an experimental confirmation of his third law ''actio = reactio '' [1] . By setting e ¼ 1 Huygens impact law for the elastic case is obtained, whereas e ¼ 0 describes the limiting case of maximum dissipation possible, such that the bodies do not penetrate after impact but keep moving with a common velocity. The restitution coefficient e is regarded as a measure of dissipated energy during the impact in this context.
For systems composed of several elastic and rigid bodies, conservation of linear and angular momentum does not lead to the target aimed at. Instead, the Newton-Euler equations have to be established for each body in order to obtain sufficient equations describing the dynamics. If one allows these bodies to have impacts at several contact points, one restitution coefficient is not enough any more to unambiguously determine the post-impact velocities of all degrees of freedom, since it is not known how the kinetic energy is distributed among the single bodies. One normally postulates ad-hoc impact laws that are more or less suited to describe reality in all cases. Known problems consist either in obtaining too many possible post-impact velocities while using the restitution coefficients provided by the impact laws, leading to energetic or kinematic inconsistency, or in not being able to reach certain velocities at all. In the latter case, behavior observed in experiments can sometimes not be reproduced in calculations by any choice of the impact parameters in use.
Another difficulty consists in a widely spread misunderstanding of the restitution coefficients. They are material-pairing-constants only in the fewest cases, but have to be generally understood as a measure of dissipation concerning the chosen spatial discretization level of the mechanical system. This is addressed by many people in saying that the restitution coefficients depend in some way on the geometry of the colliding bodies, meaning that they must somehow take into account the wave propagation process initiated by the collision. Since dissipation in mechanical systems has also to be understood as a transfer of energy to mechanical degrees of freedom which are not contained in the mathematical model, the restitution coefficients can be diminished being associated with a refinement of the discretization. In order to obtain the right dynamic behavior for the macroscopic degrees of freedom, the impact can finally be seen as completely inelastic when using a continuum model.
One reason for the mentioned difficulties in setting up the impact laws for multi-pointcollisions is the fact, that it has not yet been examined from which point and to what extend a formulated impact law may be understood as an independent equation, in order to avoid contradictions with the basic equations of kinetics and the kinematic and energetic restrictions. This question is the main topic of this article. It will not yet attempt obtaining a complete parametrization free of contradictions in form of a general impact law, but propose an appropriate setting for a theoretical framework in which any impact law should reside. Only the impact itself will be examined. Pre-and post-impact motions will not be discussed. As an impact we will understand a velocity jump which occurs at a discrete point in time, and which is associated with infinite impulsive forces as a consequence of finite, non-disappearing masses in the system. Processes with rapidly changing velocities without discontinuities will not be understood as impacts, as e.g., models containing local stiffness in the contact points of the colliding bodies. Only collisions will be investigated. Impulsive forces applied from outside that can be regarded as external impact excitation, e.g. the impact from the queue on the ball when playing billiard, will not be examined in this context. All discussions will be limited to scleronomic systems. Even though explicit time-dependencies do not represent a burden they will not be treated in favor of clearness. Influences of Coulomb friction during the collision will not be permitted as well. The concept of perfect constraints is essential in the sense of a general and structural procedure according to classic mechanics. Coulomb friction would destroy it. Wave effects during the collision, however, are explicitly permitted.
The structure of this article is being lead by the philosophy of going from basic to more sophisticated statements, and not introducing impact laws as independent equations as long as a natural generalization of the dynamics at the impact is possible by using only the basic equations of kinematics, dynamics and energy. In order to display the gained statements in a most descriptive manner a geometric approach, based on the kinetic metric, will be chosen. Section 2 is about Newton's impact problem, the collision of two point masses. It is being treated by the help of conservation of linear momentum and two energetic limiting cases, namely conservation of kinetic energy and the principle of maximum dissipation. This leads to the classical law of impact, which therefore does not need to be introduced as an independent equation. In Sect. 3, the example of two colliding beams shows the restitution coefficient's dependency of the spatial dicretization level. In a first step both beams will be modelled as onedimensional elastic continua. The collision will naturally be assumed to be completely inelastic. In a second step the beams are assumed to be rigid, and the impact is solved by the equations
